Polycrystalline La 2/3 Sr 1/3 MnO 3 (LSMO) thin films were synthesized by pulsed laser ablation on single crystal (100) yttria-stabilized zirconia (YSZ) substrates to investigate the mechanism of magneto-transport in a granular manganite. Different degrees of granularity is achieved by using the deposition temperature (T D ) of 700 and 800 0 C. Although no significant change in magnetic order temperature (T C ) and saturation magnetization is seen for these two types of films, the temperature and magnetic field dependence of their resistivity (ρ(T, H)) is strikingly dissimilar.
T P ≈ 170 K) much lower than T C . At T ≪ T P , the resistivity is characterized by a minimum followed by ln T divergence at still lower temperatures. The high negative magnetoresistance (≈ 20%) and ln T dependence below the minimum are explained on the basis of Kondo-type scattering from blocked Mn-spins in the intergranular material. Further, a striking feature of the T D = 700 0 C film is its two orders of magnitude larger anisotropic magnetoresistance (AMR) as compared to the AMR of epitaxial films. We attribute it to unquenching of the orbital angular momentum of 3d electrons of Mn ions in the intergranular region where crystal field is poorly defined.
PACS numbers: XX-XX, XX-XX-XX

I. INTRODUCTION
Low field magnetoresistance (LFMR) in half-metallic granular systems has attracted considerable scientific interest because of the physics of spin-polarized tunneling which encompasses several energy scales, as well as its potential technological applications.
Polycrystalline thin films of magnetite 1 , chromium dioxide 2 , manganites 3, 4, 5, 6 and double perovskites 7, 8, 9 are the most studied systems of this class. It has also been shown that the magnetoresistive properties of granular ferromagnetic metals can change significantly due to spin-dependent scattering at the grain boundries 10 . However, the grain boundary magnetoresistance in manganites may be different from the magnetoresistance (MR) of granular band ferromagnets such as Fe, Co and Ni. In the former case, the magnetic structure at the surface of grains is likely to be chaotic with blocked Mn-spins. This is because of the propensity of surfaces to loose oxygen which can render the double exchange interaction, the source of magnetism and metallic conduction in these systems, weaker at the surfaces and interfaces. Therefore, beside the usual tunneling through insulating barriers, second order tunneling encompassing interfacial spins at the grain boundaries may be important in setting the MR of granular manganites 3, 11 . Furthermore, when the granules are small, the Coulomb charging energy may also be a relevant energy scale at low-temperatures. The intergranular Coulomb blockade scenario has been invoked in some cases to understand the low-temperature upturn in the resistivity of granular manganites 12, 13, 14 . The validity of such a hypothesis, however, needs to be examined by looking for voltage threshold for conduction and non-linear transport, which are important hallmarks of Coulomb blockade.
Another important issue concerning the MR in granular manganites is the anisotropic magnetoresistance (AMR). The AMR in clean double exchange manganites has many contrasting features compared to that in transition metal ferromagnets and alloys where it is firmly believed to be due to spin-orbit interaction. In most conventional metallic ferromagnets, the resistivity ρ ⊥ is found to be smaller than ρ and AMR decreases on approaching the T C , where ρ and ρ ⊥ denotes the resistivity for magnetic field parallel and perpendicular to the current respectively. In contrast, manganites typically display the inequality ρ < ρ ⊥ . Also, the AMR is weakly temperature dependent, except for a peak near the Curie temperature T C 15,16,17 . While a common mechanism may be responsible for the high-field AMR in single crystal and polycrystalline manganites, at low fields AMR of the latter may contain extrinsic contribution originating from grain boundary magnetization anisotropy.
Furthermore, since the peak in temperature dependence of AMR of manganites has been explained in terms of the unquenching of orbital moments due to the enhanced Jahn-Teller (JT) distortions near T C 18 , an enhanced AMR effect is expected in polycrystalline samples where double exchange is suppressed at the grain boundaries making JT electron-lattice coupling more relevant.
Here we report a detail study of both low-field magnetoresistance and anisotropic magnetoresistance in thin films of La 2/3 Sr 1/3 MnO 3 (LSMO), the most promising manganite for room temperature applications. These films were deposited using an excimer laser based pulsed laser ablation technique on single crystal (100) yttria-stabilized zirconia (YSZ) and (100) SrTiO 3 (STO) substrates. Also different deposition temperatures (T D = 700 and 800 0 C) were used to control the granular texture of the films. The crystalline quality and surface morphology were well characterized through X-ray diffraction and atomic force microscopy (AFM) techniques. The effect of granularity on magnetic nature of the films was also analyzed by observing the temperature and field dependence of magnetization. A phenomenological model was introduced to explain the temperature dependent resistivity in case of polycrystalline films deposited at the lower temperature. The films were presumed 6 to be a two-component medium with ferromagnetic metallic intragrain and spin-glass-type dirty intergrain metal. The low-temperature up-turn in the resistivity was found to scale as ρ ∼ ln T representing a Kondo-type behavior in the dirty metal. The large anisotropic magnetoresistance (AMR) were explained through spin-orbit coupling and grain boundary effects.
II. EXPERIMENTAL PROCEDURE
Thin films of LSMO were fabricated by Pulsed Laser Deposition (PLD) method as described in detail elsewhere 19 . A KrF excimer laser (wavelength λ = 248 nm and pulse width A/sec was realized by firing the laser at 5 Hz with fluency of ∼ 3 J/cm 2 /pulse on the target surface. After deposition, the films were cooled down to room temperature at the rate of 10 0 C/min under an atmospheric oxygen pressure. The surface morphology of the films was examined using an atomic force microscope (AFM) where as for their crystallographic structure we have used a X-ray diffractometer (PANalytical X'Pert PRO) equipped with a Cu 7 K α1 source. For electrical measurements, samples were patterned in a four-probe geometry with effective area of 200 µm × 1000 µm using optical lithography and Ar + ion milling.
The resistivity and magnetoresistance measurements were performed in a constant current mode using a precision programmable DC current source (Keithley 224), a temperature controller (Lakeshore 311) and a nanovoltmeter (HP 34420 A nanovolt/micro-ohm meter). For the measurements of magnetization, we have used a superconducting quantum interference device (SQUID) based magnetometer (Quantum Design MPMS-XL5).
III. RESULTS AND DISCUSSION
A. Microstructural properties
We first quantify the extent of granularity in our films using X-ray diffraction and AFM techniques. Polycrystalline nature of the LSMO films grown on YSZ at 700 and 800 0 C becomes clear from the diffraction profiles shown in Fig. 1 However, the θ -2θ scan shown in Fig. 1 reveals the presence of (00l), (0kl) and (hkl) reflections in addition to (hk0), confirming a truly polycrystalline growth. We also note that the X-ray intensity ratio I(002)/I(110) for film deposited at 700 and 800 0 C is ≈ 0.14 and ≈ 2.99 respectively. The smaller value of the ratio in case of films deposited at the lower temperature imply more random texture as compared to that in the film deposited at 800
The surface morphology of films deposited at 700 and 800 0 C is shown in Fig. 2 
B. Electrical resistivity and its temperature and magnetic field dependence
Epitaxial films of LSMO are characterized by metallic conduction with a low (≈ 110 µΩ-cm) residual resistivity 19 . Interestingly, unlike the other double-exchange manganites the conduction in LSMO remains metallic even at temperatures greater than the magnetic ordering temperature(T C ) 21, 22, 23 . In Fig. 3(a) we show the ρ(T ) in the temperature range of 10-300 K of a LSMO film deposited on SrTiO 3 . The temperature dependence seen here is consistent with the canonical behavior stated in the preceding line. Interestingly, the polycrystalline films deposited at 800 0 C on YSZ also shows a similar behavior, although with a higher overall resistivity, which can be attributed to grain boundary scattering in a homogeneous polycrystalline film. The temperature dependence of resistivity in metallic LSMO is given by
where ρ 1 is the residual temperature-independent resistivity due to scattering by impurities and defects. The second term in Eq. (1) is due to electron-electron scattering, and third term describes the second order electron-magnon scattering 24 . The parameters extracted by fitting Eq. (1) to the data of Fig. 3 (a) are listed in the Table 1 as shown in Fig. 3 (b). The ρ(T ) is now thermally activated down to T P and then a metallic behavior develops in the temperature window of 170 -50 K followed by reentry into a semiconducting regime at still lower temperatures. The resistivity of these films at T ≤ T P also drops significantly on application of a small magnetic field with a concomitant shift of T P to higher temperatures as shown in the inset of Fig. 3(b) .
We now examine the ρ(T) data of We argue that in the vicinity of T ≈ T P , a sufficient fraction of the intergranular material undergoes magnetic ordering to a ferromagnetic phase. Like other double exchange manganites, the ordered phase is presumably metallic with a large value of resistivity, which is consistent with observed inverse scaling between ρ(0) and T C of the manganites 21, 22 . The large magnetoresistance near T P and the shift of T P to higher temperatures on increasing the field are also consistent with this picture of a PM to FM transition accompanied by a transition in electrical conductivity. In the metallic regime (Zone-2 of Fig. 4(c) ), the system can be viewed as a microscopic mixture of two materials, grain G and intergranular IG, with respective resistivity ρ G and ρ IG . The temperature dependence is dominated entirely by intrinsic transport in the more resistive intergranular dirty metal. We believe that tunneling dominated transport, as argued by some workers for polycrystalline films of LSMO, 
where the exponential factor T 0 depends on the electrostatic charging energy of the metallic grains (Ni or Co), width of tunneling barrier and the barrier height. These systems, however, do not show the type of metallic behavior seen in Zone-2 of Fig. 4(c) .
In Fig. 5(a) we plot the semiconductor-like resistivity of Zone-3 as a function of T −1/2 .
For zero-field case the value of T 0 is found to be ≈ 1.07 K (0.09 meV). However, a calculation based on the charging energy E C =e 2 /2C, with C=4πǫ 0 ǫr, r≈ 80 nm and ǫ ≈ 10 gives E C ≈ 0.9 meV, which is an order of magnitude larger than T 0 . Although T 0 also depends on barrier width and height, such large mismatch in measured T 0 and calculated E C cannot be accounted for with admissible variations in barrier height and its width. In the following,
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we argue that the transport in Zone-3 is not due to ballistic tunneling through a clean wideband-gap insulator like SiO 2 or Al 2 O 3 as in cermet films, but a consequence of Kondo-type scattering in the intergranular spin-disordered dirty metal.
To understand the temperature dependence of resistivity in more detail one can consider a two-component system whose effective resistivity is given by the effective medium approximation 33,34 as
Here f represents the volume fraction of clean ferromagnetic metallic regions whose resistivity is ρ M [ the grains ] and (1-f) the dirty ferromagnetic metal of intergrain space having resistivity ρ DM . However we have used a simpler approach where the clean and dirty metallic regions are connected in series. The effective resistivity is written as;
We assume that the semiconducting behavior in Zone-3 is either due to electron-electron (e-e) interaction or due to Kondo-scattering in the small (1-f) fraction of the intergranular dirty metal. In the e-e interaction picture, the resistivity is given by
where ρ 2 is the residual resistivity contributed by temperature independent scattering processes and B a constant with value in the range of 5 -20 ×10
alloys. Substituting Eqs. (5) and (1) into Eq. (4), we find
A best fit of the data in Zone-3 to Eq. (6) is displayed in Fig. 5 
(b). The constants A and
A 4.5 for the fit were taken from the data on epitaxial LSMO thin film as listed in Table 1 .
Furthermore, the metallic fraction has been set at f ≈ 0.9 by analyzing the AFM images of the polycrystalline film (ellipsoidal grains with a ≈ b ≈ 30 nm and c ≈ 80 nm with a grain boundary thickness of ∼ 1 nm). However, even with such reasonable choices of ρ 1 , A, A 4.5
and f , poor quality of fit obtained suggests that the electron-electron interaction picture may not be appropriate to explain the low-temperature behavior of ρ(T).
In an alternative approach considering a Kondo-type behavior of resistivity in the dirty ferromagnetic metal, we can write
Where ρ 3 is the temperature independent residual resistivity and the T 2 term is due to electron-electron scattering as observed in typical metals. The third term with coefficient γ corresponds to the Kondo-type scattering process, which in the present case will be due to disordered Mn-spins. From Eq. (7) we can write the temperature corresponding to resistivity minimum as;
Substituting Eq. (7) and Eq. (1) into Eq. (4), and rearranging the coefficients the effective resistivity can be written as;
where the constant α (= (1 − f)ρ 3 ) depends on the residual resistivity of the intergranular dirty metal. A fitting of Eq. (9) to the experimental data in the temperature range 50
to 5 K is shown in Fig. 5 (c) with fixed ρ 1 , f, A and A 4.5 derived from ρ(T) of epitaxial films and AFM images shown in Fig. 2(a) . The fitting parameters for different field in the temperature range 50 to 10 K are listed in Table. 1. The resistivity minimum temperature T m calculated using Eq. (8) To understand the effect of magnetic field, the temperature dependent resistivity measured at different fields is also fitted to Eq. (9). The best fit to the data taken at 0.3 T is shown in Fig. 5(c) . The coefficient γ of the ln T term in Eq. (7) calculated from the fitting is shown in Fig. 5(d) . The negative sign of the coefficient γ is consistent with a Kondo-type picture. Thus application of magnetic field suppresses spin-disorder and hence spin-dependent-scattering and leads to negative magnetoresistance.
To understand the origin of magnetoresistance further, particularly in a low field regime where moment of the grains are not fully aligned, we look at the correlation between isothermal magnetization and low-field magnetoresistance of these films in the temperature regime corresponding to Zone-3. A typical set of data taken at 20 K for the samples deposited at 700 and 800 0 C acquired in a configuration where field and current are coplanar but orthogonal to each other is shown in Fig. 6 . The MR has been defined as;
where R(H) and R(0) are resistances in the presence of field and in zero-field respectively.
The MR is initially positive and increases with field, peaking for a field of H P (≈ 222 Oe).
On increasing the field beyond H P , the MR becomes negative and reaches a value ≈ 19 % for a small field of 0.3 T. However, initial ∼ 70 % of the drop in resistance occurs for field H ≤ 0.15 T followed by a linear increase at higher fields. The MR in these films were found out to be symmetric for both positive and negative field direction. The hysteresis in MR can also be understood considering the fact that for lower fields the magnetization vector (M) of individual grains are aligned along their easy axis and for field higher than H C the grains get aligned along the field direction resulting in a parallel low resistance state 37 . In Fig. 6 we have also plotted the field dependence of magnetization to emphasize the correlation between coercive field ( H C ) and the field (± H P ) at which MR shows peaks on field reversal. We notice that while for the films with T D = 800 0 C, H P ≈ H C , where as in the film deposited at 19 700 0 C H P > H C . Similar inequality has also been seen in other polycrystalline half-metallic perovskite oxides like Sr 2 FeMoO 6 (SFMO) 8 . The distinctive feature in the present case is that the intergrain material is a spin-disordered dirty metal. However, the small mismatch ( 100 Oe) between H P and H C can also be understood by considering the fact that in MR measurement the current circulates only a fraction of the magnetic grains which fall on the percolating path where as the magnetization is a bulk measurement which reflects the average response of the whole sample 38 . The 800 0 C deposited sample showed a better H C vs H P matching may be due to better connectivity between grains therefore a larger fraction of the sample contributes to the MR measurement.
C. Anisotropic magnetoresistance (AMR)
Although the anisotropy in magnetoresistance seen in ferromagnetic metals may have different origin involving increased pathlength due to the Lorentz force, Fermi surface effects etc., the anisotropic scattering due to spin-orbit interaction has been argued to be the main contributor to AMR 
IV. CONCLUSIONS
We have presented a detailed study of magneto-transport in well characterized polycrystalline films of LSMO having different degrees of granularity and crystalline texture engineered by controlling the growth temperature. The granularity in films deposited at 700 and 800 0 C was established through AFM imaging and θ − 2θ X-ray diffraction. Although both the films showed ferromagnetic ordering at T C ≈ 350 K, the temperature dependence of the resistivity (ρ(T)) of these films was dramatically different. An order of magnitude higher resistivity, lower metal-insulator transition temperature and a low-temperature upturn of ρ(T ) was found in 700 0 C deposited film because of the enhanced grain boundary scattering.
A model for magnetotransport has been proposed by considering the film equivalent to a composite system of metallic LSMO granules embedded in a matrix of disordered metal 
